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a  b  s  t  r  a  c  t
The  CMAS  associated  degradation  of 7YSZ  TBC  layers  is  one  of  the  serious  problems  in the aero  engines
that  operate  in  dusty  environments.  CMAS inﬁltrates  into  TBC  at high  temperatures  and  stiffens  the  TBC
which  ultimately  loses  its  strain  tolerance  and  gets  delaminated.  The  EB-PVD  technique  is  used  to  coat
TBCs  exhibiting  a columnar  microstructure  on  parts  such  as  blades  and on vanes.  By  varying  the  EB-PVD
process  parameters,  columnar  morphology  and  porosity  of  the  7YSZ  coating  is changed  and  its effect  oneywords:
MAS
hermal barrier coatings
YSZ
nﬁltration
the CMAS  inﬁltration  behaviour  is  studied  in detail.  Two  different  TBC pore  geometries  were  created  and
inﬁltration  experiments  were  carried  out at 1250 ◦C  and  1225 ◦C for different  time  intervals.  The  7YSZ
coating  with  more  ‘feathery’  features  has  resulted  in higher  CMAS  resistance  by  at  least  by a  factor  of  2
than  its less  ‘feathery’  counterpart.  These  results  are  explained  on the  basis  of  a  proposed  physical  model.
© 2016  Elsevier  Ltd. All  rights  reserved.
B-PVD coatings
. Introduction
The durability and the functionality of 7 wt.% yttria stabilised
irconia thermal barrier coating (7YSZ TBC) in gas turbines is
everely affected by the inﬁltration of molten deposits of calcium
agnesium aluminosilicate (CMAS) [1–8]. CMAS inﬁltrates into
he porous 7YSZ TBC (which protects the underneath Ni-based
omponent against extreme thermal environment) and eventually
olidiﬁes upon ﬂowing down the thermal gradient. This causes the
tiffening of the TBC which ultimately loses its strain tolerance and
ets delaminated. Electron beam physical vapour deposition (EB-
VD) is used to coat TBCs on rotating parts such as blades. The
BCs that are coated with the above technique generally exhibit a
olumnar structure. Inter-columnar gaps are inﬁltrated with CMAS
nder the inﬂuence of capillary forces. The CMAS inﬁltration depth
s governed by several factors such as viscosity, surface tension of
he melt, operation temperature and shape of the inter-columnar
aps. The chemistry of the CMAS sand depends on geographical
ocation and its viscous behaviour which is greatly inﬂuenced by
he temperature [9,10]. Melting points of these CMAS variants fall
n the range between 1135 ◦C–1270 ◦C, however, partial meltingPlease cite this article in press as: R. Naraparaju, et al., Tailoring the
CMAS in 7YSZ thermal barrier coatings, J Eur Ceram Soc (2016), http://
ay  start even at lower temperatures. The temperature gradient in
BCs is an important factor in deﬁning the inﬁltration depth as the
emperature gradient inﬂuences both viscosity and the crystallisa-
∗ Corresponding author.
E-mail address: ravisankar.naraparaju@dlr.de (R. Naraparaju).
ttp://dx.doi.org/10.1016/j.jeurceramsoc.2016.07.027
955-2219/© 2016 Elsevier Ltd. All rights reserved.tion of the CMAS melt. Field specimens returning from service in
CMAS-loaded areas reveal that the penetration of CMAS in EB-PVD
coatings can reach up to the half of the TBC thickness, which is still
capable of inducing delamination [11].
Several efforts have been made not only to understand the
mechanisms of CMAS attack on TBCs but also to develop novel TBCs
that are CMAS resistant. Gd-zirconate coatings have been tested as
an alternative to 7YSZ coatings as the former promises a scope for
mitigation of CMAS inﬁltration. Gd-zirconate reacts quickly with
CMAS and forms a crystalline by-product of calcium oxy-apatite
and seals the capillary channels against further CMAS penetration
[12,13]. However, its reliability against low calcia containing CMAS
and volcanic ash compositions is somewhat questionable due to
insufﬁcient calcium amounts necessary to stabilise the apatite
phase [14]. Another promising strategy is to modify the 7YSZ com-
position and force CMAS to crystallise and stop its inﬁltration.
20 mol% of Al2O3 and 5 mol% of TiO2 in the form of a solid solu-
tion were incorporated into 7YSZ by means of solution precursor
plasma spray process (SPPS) [15]. But long time stability of this mit-
igation mechanism was not comprehensively proved. One of the
effective coatings to mention is 51 wt.% Y2O3. 49 wt.% ZrO2 coated
with MOCVD technique [16]. This coating has formed crystalline
products such as oxyapatite, mellilite and garnets with all available
cations as reaction product with CMAS and showed best inﬁltration EB-PVD columnar microstructure to mitigate the inﬁltration of
dx.doi.org/10.1016/j.jeurceramsoc.2016.07.027
resistance.
It is known from the literature that the thermal conductivity
of a TBC coating depends on its porosity, mainly along horizon-
tal splat boundaries in APS coatings and on the porosity between
ARTICLE ING ModelJECS-10772; No. of Pages 10
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Table  1
EB-PVD process parameters applied in this study and associated morphology.
Morphology Substrate temperature Rotation speed (rpm)
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he feather-arm features in EB-PVD TBCs. Previous own  work has
emonstrated that the variation of EB-PVD process parameters
lters the resulting columnar morphology and porosity of the
oating. Thermal conductivity was greatly affected by these mor-
hological alterations which mainly have changed the amount, size
nd shape distribution of pores and secondarily the pore surface
rea available at the cross section perpendicular to the heat ﬂux. To
he best knowledge of the authors the inﬂuence of TBC microstruc-
ure on CMAS inﬁltration is rarely reported in the literature, neither
or APS nor for EB-PVD coatings.
In this paper, columnar morphology and density of EB-PVD
YSZ columns is changed and its effect on the CMAS inﬁltration
ehaviour is studied in detail.
. Experimental procedure
.1. Processing and materials
EB-PVD coatings were produced in-house at DLR with a coater
hat has a maximum electron beam power of 150 kW.  Evaporation
as carried out from a single ingot having the standard 7 wt.% Y2O3
tabilised ZrO2 composition. Vapour phase is deposited on plane
lumina substrates under conventional rotating mode as described
n Ref. [17] (i.e. by mounting the substrates on a holder with its axis
erpendicular to the evaporation source). 400–440 m thick 7YSZ
oatings were deposited on 1 mm thick alumina substrates. This
bnormal coating thickness was taken in order to carry out longer
MAS inﬁltration tests. The substrates were rotated at two  differ-
nt speeds and two different sample temperatures were targeted
o get two different coating morphologies denoted as ‘normal’ and
feathery’. Table 1 lists the obtained morphologies and their respec-
ive coating parameters. These parameters were selected on the
asis of previous studies in house which have shown considerable
ifference in the porosity and conﬁguration of the coating [17,18].
.2. Synthesis and deposition of CMAS
The CMAS composition was derived from real engine deposits
22 CaO, 8 MgO, 18 Al2O3, 40 SiO2, 10 FeO and 2 TiO2 all in wt.%)
s used by the authors previously [6]. The melting interval of this
omposition lies in the range of 1230–1250 ◦C. CMAS was synthe-
ised by means of co-decomposition of Me-nitrates (Me  = Al, Ca,
g,  Fe) together with SiO2 and TiO2 powders (Merck, Darmstadt,
ermany), followed by a heat treatment at 1250 ◦C for one hour.
MAS has been completely molten after this heat treatment and
-ray diffraction results on the powder after cooling/at room tem-
erature showed that it is mainly crystallised in to pyroxene and
northite phases. The CMAS powder was deposited as a paste on top
f EB-PVD 7YSZ TBCs in the amounts of 20 mg/cm2. Alumina sub-
trates were used in this study to avoid heavy damage of metallic
ubstrates and bond coats at the high inﬁltration temperatures.
.3. Inﬁltration and characterisation
Inﬁltration experiments were conducted at temperatures ofPlease cite this article in press as: R. Naraparaju, et al., Tailoring the
CMAS in 7YSZ thermal barrier coatings, J Eur Ceram Soc (2016), http://
225 and 1250 ◦C in a chamber furnace. The duration of the inﬁl-
ration was varied in between 10–50 h. Standard metallographic
echniques were used in preparing cross-sections of samples in
arious conditions. SEM (DSM Ultra 55, Carl Zeiss NTS, Wetzlar, PRESS
 Ceramic Society xxx (2016) xxx–xxx
Germany) equipped with an EDS system (Inca, Oxford Instruments,
Abingdon, UK) was used to study the reacted zones and the inﬁltra-
tion depths. CMAS inﬁltration depths are measured with the help
of high magniﬁcation imaging and conﬁrmed by EDS elemental
mapping. With the help of optical microscope and the Axio vision
software the in-plane porosity close to the surface was estimated
in both cases.
3. Results
3.1. Microstructural differences between ‘normal’ and ‘feathery’
morphology
To compare the morphological differences between ‘normal’
and ‘feathery’ structures, SEM top views are presented in Fig. 1(a)
& (b) respectively. These morphological differences in their column
diameter and size were produced by varying the EB-PVD process
parameters given in the previous section and Table 1. Variation in
substrate temperature and rotation speed is one of the inﬂuenc-
ing parameter which deﬁnes the growing process of the columns.
Speciﬁcally the interdependences between the shadowing effect of
the columns tips and the diffusion process in the growing surfaces
are altered by such modiﬁcations. In order to reveal the inter-
columnar gap structure in more detail, the coatings were polished
from top to few microns down and the corresponding micrographs
are presented in Fig. 1(c) & (d).
The major difference between the ‘normal’ and the ‘feathery’
morphology is the reduction in the diameter of the individual
columns. Measurements of the dimensions revealed that the indi-
vidual diameter of the columns lies in the range of 15–30 m for
the ‘normal’ structure and 12–17 m for the ‘feathery’ structure,
respectively, i.e. the individual columns in ‘feathery’ structure are
almost 50% ﬁner than in ‘normal’ structure. In consequence, the
number of open channels in ‘feathery’ structure is increased com-
pared to the ‘normal’ structure. This can be noticed from Fig. 1(c)
and (d). The in-plane porosity close to the surface of the TBC in
‘feathery’ (12%) is found to be 3 times higher than in ‘normal’ (4%)
structure. Even though these porosity measurements are based on
the contrast ratio of the pores to the columns and the absolute val-
ues might not fully reﬂect the real porosity, they make a qualitative
statement on the difference in inter-columnar porosity. Note that
other pores that contribute to the overall porosity within EB-PVD
TBCs (that is typically in the order of 25%) such as intra-columnar
ﬁne pores and voids between feather arms have not been measured
here.
The SEM cross-sectional micrographs of both variants are pre-
sented in Fig. 2. In order to understand the variation of columnar
diameter, gap width, and length of the feather arms throughout the
coating, measurements were done at each 50 m distance from top
of the coating to the bottom. These measurements were repeated
at 2 more places on the coating and the values are averaged over
all 3 measured values (Fig. 3). The width and the shape of the
columnar gaps in case of ‘normal’ structure remained almost uni-
form throughout the coating thickness whereas in case of ‘feathery’
structure a large variation in the shape and size can be noticed.
In case of ‘normal’ morphology which was  produced by employ-
ing higher substrate temperatures with slower rotation speed, a
symmetrical arrangement of larger column diameters down up to
300–350 m is observed. The length of the feather-arm features
surrounding the columns lies in the range of 1/5 to 1/7th of the pri-
mary column cross section. Coatings with ‘feathery’ morphology EB-PVD columnar microstructure to mitigate the inﬁltration of
dx.doi.org/10.1016/j.jeurceramsoc.2016.07.027
exhibit a continuous drop in their columnar diameter from top to
bottom (from ∼12 to 2 m)  and the feather arm features occupy
almost ½ to 1/3 of the primary column cross section. Moreover,
the inter-columnar gaps in the ‘feathery’ structure are getting nar-
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ower at the lower part of the coating (from 200 m downwards)
nd the inter-columnar gaps are tilted and intersecting, i.e. the tor-
uosity of the gaps is higher compared to the ‘normal’ structure.
hese kinds of structures were initially created to achieve a low
hermal conductivity. The thermal conductivity values for ‘normal’
nd ‘feathery’ morphologies at room temperatures were found in
revious studies to be 1.75 and 1.15 W/mK,  respectively. The drop
n the thermal conductivity of ‘feathery’ structures can be related
o the higher porosity compared to ‘normal’ structure [18].
.2. Inﬁltration experiments
.2.1. CMAS inﬁltration experiments at 1250 ◦C
CMAS powders were deposited on the ‘normal’ and ‘feath-
ry’ structured EB-PVD 7YSZ samples and heated isothermally
t 1250 ◦C for 10 h, respectively. In both cases CMAS has inﬁl-
rated completely through the coating and reached the alumina
ubstrate. i.e. 100% inﬁltration has happened. Fig. 4(b) shows the
oating/substrate interface of the inﬁltrated 7YSZ coating. The indi-
idual columns have also reacted with the CMAS and most of the
haracteristic ‘feathery’ structure is lost and all intra columnar
ores are ﬁlled with CMAS as shown in Fig. 4(a). YSZ has signiﬁ-
antly dissolved and reacted to form a phase appearing as globular
articles. EDS analysis (which is not shown here) of this globular
hase revealed a lower yttria content than in the original 7YSZ and
ncorporation of CaO in solid solution. XRD analysis not presented
ere proves transformation of t-ZrO2 to m-ZrO2 that appears to be
aken place during dissolution and re-precipitation.
To verify the structural effects, 1225 ◦C, a temperature where
he CMAS is not completely molten (with higher viscosity [19]) has
een chosen and inﬁltration experiments were carried out.Please cite this article in press as: R. Naraparaju, et al., Tailoring the
CMAS in 7YSZ thermal barrier coatings, J Eur Ceram Soc (2016), http://
.2.2. CMAS inﬁltration experiments at 1225 ◦C
Cross-sections of both ‘normal’ and ‘feathery’ after inﬁltrating
he samples isothermally with CMAS for 10 h at 1225 ◦C are pre- of EB-PVD 7YSZ coating. Top view (a) & (b) and polished top view (c) & (d).
sented in Fig. 5. The microstructural features of CMAS reacted TBCs
at 1225 ◦C seem to be slightly different to that at 1250 ◦C. In the
“normal” TBC, the columnar gaps are ﬁlled with CMAS but the intra-
columnar pores seem to be less affected as in the case of 1250 ◦C.
The feather arm structure is also lost in the upper part of the TBC
but the CMAS has not penetrated down to the bottom as shown in
Fig. 5(d). In the ‘feathery’ TBC, the feather arm structure can still
be identiﬁed from 20 m depth onwards. The inter-columnar gaps
are ﬁlled with the CMAS, but the inﬁltration did not proceed until
the bottom of the coating as shown in Fig. 5(c). EDS spot analysis
was done along the complete depth of the coating and inﬁltra-
tion depths are measured as explained in the experimental section.
Inﬁltration depth values showed a signiﬁcant difference between
‘normal’ and ‘feathery’ structures and measured as 10 and 20% of
their total thickness, respectively.
Even though neither of the TBCs was  completely inﬁltrated after
10 h, a considerable effect of morphology on inﬁltration depth (in
both ‘normal’ and ‘feathery’ structures) is observed. In order to ver-
ify this effect, time of inﬁltration tests was prolonged to 20 and 30 h.
After 20 h of isothermal heat treatment we found an even more
clear difference in the inﬁltration depths. Whereas the ‘normal’
TBC was  100% inﬁltrated, the ‘feathery’ TBC was only inﬁltrated to
half thickness. The corresponding SEM micrographs are presented
in Fig. 6. After 20 h at 1225 ◦C, the feather-arms have disappeared
in the upper part of the TBC in both cases and the intra colum-
nar porosity is ﬁlled with CMAS. Most of the inter-columnar gaps
are ﬁlled with CMAS in case of the ‘normal’ structure and very
large gaps are mostly visible with little CMAS as shown in Fig. 6(a)
& (b). However, the scenario at the bottom part of the coating
(TBC/substrate) is quite different. In case of ‘normal’ TBC morphol-
ogy CMAS has reached the substrate and the accumulated excess EB-PVD columnar microstructure to mitigate the inﬁltration of
dx.doi.org/10.1016/j.jeurceramsoc.2016.07.027
CMAS has reacted with alumina as shown in Fig. 6(c). In contrast,
the ‘feathery’ TBC shows no CMAS at the substrate interface i.e.
CMAS has not penetrated completely. It is not fully inﬁltrated by
CMAS even after 30 h (Fig. 7(a)). However some CMAS was  found
Please cite this article in press as: R. Naraparaju, et al., Tailoring the EB-PVD columnar microstructure to mitigate the inﬁltration of
CMAS in 7YSZ thermal barrier coatings, J Eur Ceram Soc (2016), http://dx.doi.org/10.1016/j.jeurceramsoc.2016.07.027
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Fig. 2. SEM cross sectional images of as coated ‘feathery’ (a), (c), (e), (g) and (i), ‘normal’ (b), (d), (f), (h) and (j) EB-PVD 7YSZ coating. Distance from top (a)&(b) 0–100 m,
(c)&(d) 100–200 m,  (e)&(f) 200–300 m,  (g)&(h) 300–400 m and (i)&(j) ∼400–440 m.
ARTICLE IN PRESSG ModelJECS-10772; No. of Pages 10
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Fig. 3. EB-PVD columnar structure characteristics of ‘normal’ vs ‘feathery’ coating (a) columnar diameter and (b) inter-columnar gap width.
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nﬁltration in the EB-PVD porosity.
n between the intra-columnar pores (conﬁrmed by the Ca and Si
lements in the EDS spot analysis) near the substrate as shown in
ig. 7(b). Inﬁltration depth in this case is drawn as 90% in Fig. 8. The
nﬁltration depths versus annealing times are summarized in Fig. 8.
. Discussion
The modiﬁcation in the EB-PVD columns in terms of inter-
olumnar and intra-columnar porosity was achieved by varying the
eposition parameters. Based on the measurements given in Fig. 3
column diameter and columnar gap width) and the observations of
he morphology (representative examples are given in Figs. 1 and 2)
 schematic illustration of both ‘normal’ and “feathery” structures
s given in Fig. 9. The inclined lines illustrate schematically the
eather-arms occurring at the outer column rims while the different
idth of the inter-columnar gaps is clearly visible.
When molten CMAS is deposited on such kind of EB-PVD
olumns a rapid inﬁltration happens through the porosity under the
nﬂuence of capillarity forces. Basically there are two  pore channels
vailable for the inﬁltration. One is the inter-columnar gap which is
ligned parallel to the principal ﬂow direction. The second channel
s the gap between two  feather-arms inclined to the principle ﬂow
irection. These gaps can also be considered as capillary tubes with
ertain length allowing the molten CMAS to inﬁltrate through them.
s a result, the amount of total CMAS ﬂow in vertical direction inPlease cite this article in press as: R. Naraparaju, et al., Tailoring the
CMAS in 7YSZ thermal barrier coatings, J Eur Ceram Soc (2016), http://
he TBC will be also distributed in to the ‘feather-arm’ channels. The
nter-columnar gap width of the ‘normal’ TBC morphology is almost
wice of that of the ‘feathery’ structure as shown in Figs. 3 and 8. If
n inter-columnar gap is assumed as a hollow tube of radius ‘r’ withMAS inﬁltrated ‘normal’ structure at 1250 ◦C. Arrow marks are showing the CMAS
a height ‘h’, Darcy’s law for the steady state uni-directional ﬂow of
a viscous liquid with a viscosity  can be written as [20]
∂p
∂x
= −v
k
∼= p = −
k
x∂x
∂t
(1)
wherek is the permeability of the medium, v is the velocity of the
liquid, p is the pressure in the tube, x is the inﬁltrated distance
and tis the time taken for the inﬁltration. If the capillary pressure
is considered as the driving force for the inﬁltration, p can be
written as
p  = cos
r
(2)
where  is the surface tension and the  is the contact angle
between the liquid CMAS and the surface. Complete wetting occurs
when the contact angle is 0◦ as the droplet turns into a ﬂat pud-
dle (i.e.  = 0). By inserting Eq. (2) into (1) and integrating over the
whole length of the tube, the time required by the liquid to inﬁltrate
a depth of ‘h’ is derived which is shown in Eq. (3).
t = rh
2
2k
(3)
The permeability k of the medium is an important factor which EB-PVD columnar microstructure to mitigate the inﬁltration of
dx.doi.org/10.1016/j.jeurceramsoc.2016.07.027
deﬁnes the speed of the inﬁltration. It depends on various fac-
tors such as overall porosity, pore connectivity, and shape factor
of the pores. A well-known relationship correlating permeability
with properties of pores is developed by Kozeny and later modiﬁed
Please cite this article in press as: R. Naraparaju, et al., Tailoring the EB-PVD columnar microstructure to mitigate the inﬁltration of
CMAS in 7YSZ thermal barrier coatings, J Eur Ceram Soc (2016), http://dx.doi.org/10.1016/j.jeurceramsoc.2016.07.027
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Fig. 5. SEM cross sections of CMAS inﬁltrated 7YSZ at 1225 ◦C after 10 h. (a) ‘feathery’ (top), (b) ‘normal’ (top), (c) ‘feathery’ (bottom) and (d) ‘normal’ bottom (bottom).
Fig. 6. SEM cross sectional images of (a) 20 h heated ‘feathery’(top), (b) 20 h heated ‘normal’ (top), (c) 20 h heated ‘feathery’ (bottom), (d) 20 h heated ‘normal’ (bottom) 7YSZ
coating.
ARTICLE IN PRESSG ModelJECS-10772; No. of Pages 10
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Fig. 7. SEM cross sectional images of ‘feathery’ (a) 30 h h
Fig. 8. Inﬁltration depth versus time of inﬁltration at 1225 ◦C for both ‘normal’ and
‘feathery’ 7YSZ structures.
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iig. 9. Schematic representation of the (a) ‘normal’ and (b) ‘feathery’ columnar
eatures.
y Carman and is given by Eq. (4) for an open pipe model (capillary
ube) [21,22].
 = r
22
8(1 − )2
(4)
 is the overall pore fraction of the medium and  is the tor-
uosity of the medium. The geometrical deﬁnition of tortuosity isPlease cite this article in press as: R. Naraparaju, et al., Tailoring the
CMAS in 7YSZ thermal barrier coatings, J Eur Ceram Soc (2016), http://
iven as ‘the reciprocal of the average ratio between the straight
istance connecting two points and the actual path length inside
he porous medium’ [23]. Although this deﬁnition is widely used
n the literature, it is not universally accepted. The tortuosity ofeated (top), (b) 30 h heated (bottom) 7YSZ coating.
a porous media in general depends on the pore volume fraction,
shape, and the connectivity. Even though Carman experimentally
found that a value of
√
2 should be chosen for tortuosity [24], it is
also shown in other work that tortuosity can range from 1 to 4 in
beds packed with non-uniform spheres depending on factors such
as packing, arrangement, media homogeneity and channel shape
[25–27]. In one of the simulation studies it was found that the tortu-
osity decreases with the increase in porosity in a parabolic manner
and in the low porosity region this change is higher [23]. Insert-
ing Eq. (4) into (3) gives the ﬁnal Eq. (5) to calculate the time of
inﬁltration.
t = 4h
2
r
(1 − )2
2
(5)
i.e. for a given temperature, viscosity and height of the chan-
nel the inﬁltration time is directly proportional to the tortuosity
and inversely proportional to the radius of the capillary tube. Eq.
(5) predicts that if the overall porosity increases then the time
for inﬁltration should decrease. In this present study, the ‘feath-
ery’ TBC exhibited a higher amount of porosity derived from the
inter-columnar gaps, lower inter columnar gap widths and higher
tortuosity (see Fig. 3(a) and (b)) than the ‘normal’ TBC. The higher
‘feather-arm’ porosity has contributed heavily to the increase in
the overall porosity of ‘feathery’ structure. According to Eq. (5)
the higher porosity of ‘feathery’ would result in a shorter inﬁltra-
tion time – opposite to the present ﬁndings. However, the gaps
in between the deeper ‘feathery’ arms would not add to the main
inﬁltration direction; they rather distribute the ﬂow of CMAS and
decrease the inﬁltration depth along the main TBC thickness as
shown schematically in Fig. 10 i.e. in addition to the porosity it is
also very important to know how all the pores are inter-connected.
The higher length of the feathery gaps and lower inter columnar
gap width in case of ‘feathery’ structure in comparison to ‘normal’
structure would result in a reduced inﬁltration depth. Table 2 sum-
marizes the overall microstructural modiﬁcations applied on the
7YSZ system and the corresponding change in the inﬁltration depth
of the CMAS.
At 1250 ◦C, there was no difference in the inﬁltration behaviour
in both TBC morphologies, i.e. both have been 100% inﬁltrated.
This inﬁltration behaviour is expected at this temperature because
CMAS is in complete molten state with low viscosity (melting
point ∼1250 ◦C) [19]. The viscosity of the CMAS composition was
estimated at 1250 ◦C and 1225 ◦C as −0.25 and −0.10 (log  (Pa.s)
respectively by using the Giordano model for silicate melts. Such EB-PVD columnar microstructure to mitigate the inﬁltration of
dx.doi.org/10.1016/j.jeurceramsoc.2016.07.027
low viscosity liquids are readily ﬂowing on the TBC surface, the inﬁl-
tration is faster and structural effects such as porosity and shape
of the columns have very little inﬂuence on the inﬁltration kinet-
ics. At 1225 ◦C, a clear difference in the inﬁltration behaviour was
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Table  2
Summary of the microstructural changes and corresponding inﬂuence on the CMAS inﬁltration depth obtained in this study.
TBC Morphology In-plane
Porosity(%)
Column
Diameter(m)
Gap width/diameter
(m)
Tortuosity Inﬁltration at 1225 ◦C
after 10 h (%)
Normal 4 17–20 1.7–2.3 lower 100%
Feathery 12 8–15 1–1.2 higher 50%
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5.97ig. 10. Schematic representation of inter-columnar gaps and inter-feathery gaps
s  small capillary tubes used by CMAS as inﬁltration channels.
bserved after 10 h. The inﬁltration depth in ‘feathery’ TBC (10%)
as found to be half of that of the ‘normal’ TBC. During inﬁltration
ests at 1225 ◦C CMAS melt contains still some unmolten crystals
nd hence may  have a higher viscosity. After 20 h, the difference
n the inﬁltration depth remained similar as the ‘feathery’ TBC was
nﬁltrated up to 50% whereas the ‘normal’ TBC was inﬁltrated fully.
ven after 30 h the ‘feathery’ TBC was inﬁltrated only to 90%. The
MAS inﬁltration kinetics was reduced by almost 50% by increasing
he tortuosity, decreasing the columnar gap width and increasing
he porosity. These alterations and their effects on the inﬁltration
ime were in good agreement with the model proposed above and
ith the literature. However, the effects seen in this study hold well
nly in the high viscosity regime of the melt or at lower viscous
egimes. Very short time inﬁltration tests are needed to conﬁrm
he microstructure effect and these experiments are carried out
resently. In real TBC operating under a thermal gradient, these
ffects can play an important role in changing the inﬁltration depth
nd hence the life time of the TBC layer. Under temperature gradi-
nts in an internally cooled blade or vane, at a speciﬁc height within
he TBC it is very likely that a temperature regime occurs where the
bove mentioned inﬂuence of morphology on inﬁltration depths is
perating. Hence a TBC having features of the feathery microstruc-
ure or other changes in morphology that reduce the driving forces
or inﬁltration in accordance with Eq. (5) is favourable. It is assumed
hat such a TBC will suffer to a lower extent from inﬁltration, TBC
tiffening, and ultimately TBC spallation.
The Carman-Kozeny model which was described above is valid
or the most simpliﬁed open pipe model. Applying this to the inter-
olumnar gaps is a quite large simpliﬁcation. However, in reality EB-
VD columns appear rather like a pipe with an inside kernel (Fig. 10)
s can be seen from the original microstructure of EB-PVD porosity
s shown in Fig. 1(c) and (d). The inter-columnar gaps surround
he whole column, and hence can be more accurately described as
uch a kernel tube, knowing that the shape of a column is not ideal
ircular but elongated in two directions (one is the rotational axisPlease cite this article in press as: R. Naraparaju, et al., Tailoring the
CMAS in 7YSZ thermal barrier coatings, J Eur Ceram Soc (2016), http://
nd the other is perpendicular to it).
Dvorkin has extended the Carman-Kozeny model for the per-
eability of a pipe with a kernel (black circle in Fig. 11) and Eq. (6)Fig. 11. Schematic representation of the pipe with a kernel inside.
represents the permeability k in terms of pipe (white circle) outer
radius ‘b’ and kernel radius ‘a’ [28].
k = 
82
b2
[
1 + a
2
b2
+
(
1 − a
2
b2
)
.
1
ln
(
a
b
)
]
(6)
The variation in the pipe and kernel radius causes a change in
the permeability of the medium. To demonstrate the change in the
permeability value from the open pipe model to the pipe with a
kernel model few assumptions are made such as taking the over-
all pore fraction () as constant (50%) and a tortuosity factor ()1.
Calculated permeability values using Eqs. (4) & (6) are drawn graph-
ically in Fig. 12 by changing the pipe radius given on the X-axis. Two
different cases are considered here in this calculation.
In the open pipe model (green triangles) the radius of the pipe
is varied between 1 m and 5.5 m.  The second curve (blue rhom-
bus) is a ﬁxed kernel radius of 4 m and the pipe annulus is varied
between 1 and 4 m.  i.e. the radius b of the pipe is varied between
5 and 9 m (4 m from ‘a’ + 1 m from ‘b’). Consequently, to com-
pare similar gap-widths, the permeability of the open pipe radius of
1 m must be compared to 5 m pipe radius of the kernel constant
curve. The permeability given by the open pipe model (0.125 m2)
is found to be three times that of the pipe with kernel model
(0.041 m2) and the slope of the permeability curve in case of the
open pipe model is quite higher than that of the pipe with the
kernel model. That means as the pipe radius value increases the
difference between the two model predictions is getting higher.
Consequently, by not choosing the proper permeability model one
can under/over estimate the CMAS inﬁltration depth in EB-PVD
columns considerably.
Permeabilties of ‘normal’ (kn) and ‘feathery’ (kf) structures are
calculated by using both open pipe and pipe with kernel model
from the Eqs. (4) & (6). For the open pipe model a radius r of 1 m,
(using a mean value for diameter) and a porosity value of 4% were
considered for the normal structure, while 0.5 m radius and 12%
was used for the feathery structures, as given by Table 2. As the
tortuosity factor () is unknown, a value of 1 is considered for both
‘normal’ and ‘feathery’ structures in this calculation (in both mod-
els). The calculated ratio according to the open pipe model is given
as
kf 1 EB-PVD columnar microstructure to mitigate the inﬁltration of
dx.doi.org/10.1016/j.jeurceramsoc.2016.07.027
In the pipe with kernel model, a = 8.5, b = 9.5 m are taken for the
‘normal’ structure. For ‘feathery’ structure values of a = 4.5, b = 5 m
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Fig. 12. Comparison of the permeability values using the o
re considered, using the same porosities as for the open pipe cal-
ulation. The corresponding permeability ratio is calculated as
kf
kn
= 1
1.33
In both cases it is evident that the permeability of the ‘feathery’
tructure is smaller than that of the ‘normal’ structure, however,
he ratios differ each other by a factor of 4.5. According to Eq. (3)
t is known that a lower permeability of a medium gives a longer
nﬁltration time. The experimental results show that the inﬁltra-
ion depth of the ‘feathery’ structure is only 12 than that of ‘normal’
tructure for the same inﬁltration time, although the ratio is not
ully accurate since the full inﬁltration of the normal structure may
ave been reached at shorter 13 times than the presently evaluated
0 h. This would shift the experimental ratio towards 12.5 or
1
3 . As
he permeability can be correlated to the inﬁltration depth, the fac-
or of 11.33 (pipe with
1
5.97kernel model) comes closer to this value
ather than from the open pipe model 15.97 . With the given num-
er of assumptions, this prediction is quite reasonable even though
he overall porosity is different from the in-plane porosity and the
ortuosity factor is unknown for both structures.
To validate these model predictions especially with the per-
eability and tortuosity elements, high temperature viscosity and
ontact angle values of the CMAS are in progress. In addition, sys-
ematic quick inﬁltration tests where exact inﬁltration depths for
hort intervals of time (1–5 min  at 1250 ◦C) must be done. With
ll the experimentally obtained values, a direct and more precise
omparison of the two models can be done. Most importantly heat
reatments prior to the CMAS exposure on the 7YSZ samples are
urrently carried out to remove a lot of inter-feathery gaps. This
ill provide more insight into the effect of tortuosity and feather
rm lengths on the inﬁltration depth?
. Conclusions
Microstructural modiﬁcations in the EB-PVD columns of 7YSZ
BCs were achieved by varying the process parameters. CMAS
nﬁltration studies were performed on two different coating mor-
hologies at 1225 ◦C and 1250 ◦C. The main focus of this study was
o determine the effect of coating morphology on CMAS inﬁltra-
ion resistance and the following conclusions can be made from
he results.
CMAS inﬁltration results at 1250 ◦C (low viscosity range) in a
100% inﬁltration for both morphologies after 10 h. However, ifPlease cite this article in press as: R. Naraparaju, et al., Tailoring the
CMAS in 7YSZ thermal barrier coatings, J Eur Ceram Soc (2016), http://
controlled inﬁltration tests are carried out for shorter times an
effect from microstructure can be observed.
Inﬁltration tests at 1225 ◦C (relative high viscosity range) for dif-
ferent time ranges demonstrate that the feathery structure showns)
ipe and the pipe with a kernel model for a given porosity.
CMAS inﬁltration at roughly half the depth of a normal EB-PVD
structure. Increased tortuosity and the small variations in the
morphological features of the columnar coating (higher length
of the feather-arms and smaller inter-columnar gaps) play an
important role here.
• The slowed down inﬁltration speed is anticipated to prolong the
lifetime of EB-PVD TBCs under CMAS attack by a lower degree of
inﬁltration, and hence by lower stresses in the TBC.
• The predictions from a simpliﬁed tube ﬂow model demonstrate
that the main mechanisms in the CMAS inﬁltration are governed
by the viscosity of the ﬂuid and the permeability of the medium
(the latter being related to pore volume fraction, shape factor, and
connectivity of the pores).
• The mathematical model is in qualitative agreement with the
experimental results at 1225 ◦C which shows a prolonged inﬁl-
tration time for the feathery structure.
• A more realistic mathematical model considering the shape of
the capillary tube as ‘pipes with kernel inside’ is proposed which
reﬂects the real microstructure better, and hence predictions are
closer to the measured inﬁltration depths.
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